Abstract--Al-rich di,trioctahedral chlorite exists as the species cookeite and sudoite. Di,dioctahedral chlorite exists as the species donbassite. Cookeite has essential Li in its structure, sudoite has essential Mg, and donbassite has only small amounts of either element. To date, sudoite has been reported to have only IIb structural units and donbassite to have only Ia structural units. Cookeite is based primarily on Ia structural units, but IIb units are present in specimens from two localities. Most Al-rich chlorite species have regular-stacking "r" or "s'" 2-layer stacking sequences, but l-layer Ia-2 and Ia-6 polytypes also are known. The structural units (Ia or IIb) and the specific stacking sequences can be explained by a combination of local charge balance and minimization of cation-cation repulsion involving the interlayer and tetrahedral cations. X-ray powder diffraction data are adequate to differentiate A.l-rich chlorite from trioctahedral chlorite and to identify the type of structural unit present, but single crystal study is necessary to identify the 2-layer and l-layer sequences with certainty.
INTRODUCTION
Al-rich chlorite is being reported in the literature with increasing frequency. Three well-crystallized species have been defined to date--cookeite, sudoite, and donbassite. These species can be differentiated from trioctahedral chlorites by their compositions, smaller d(060) values (1.49 to 1.51 ~ compared with 1.52 to I. 56/k for trioctahedral species), slightly smaller d(00 l) values, and a distinctly more intense 003 reflection near 4.70 ~. The three species are more difficult to distinguish from one another by X-ray diffraction data alone. Cookeite and sudoite are di,trioctahedral chlorites, i.e., the 2:1 layer is dioctahedral, but the interlayer is trioctahedral. Donbassite is di,dioctahedral with two dioctahedral sheets. No examples are known as yet having a trioctahedral 2:1 layer and a dioctahedral interlayer. The present paper summarizes the compositions and several polytypic forms known to occur for these Al-rich species and presents indexed X-ray powder diffraction data to facilitate their identification.
COOKEITE
Cookeite is a di,trioctahedral chlorite commonly found as an alteration product of Li-bearing minerals in pegmatites and hydrothermal veins. The ideal composition is Alz(Si3A1)O~0(OH)2-(A12Li)(OH)6. Its essential Li content (-3-4 wt. % Li20) distinguishes it from sudoite and donbassite, which contain only minor amounts of Li. Cern~, (1970) , in a study of the most reliable analyses of cookeite, found tetrahedral Si to be nearly constant at 3.0 Si per 4.0 positions, but with tetrahedral A1 of some specimens substituted by small amounts of B or Be. Li ranges between 0.8 and 1.4 atoms per formula unit and is concentrated mainly in Copyright 9 1989, The Clay Minerals Society the interlayer sheet. Fluorine sometimes substitutes for OH in small amounts. Small amounts of Ca + Na + K are often reported in chemical analyses of dioctahedral chlorites as cations residing between the 2:1 layers and the interlayer sheet, but they are more likely to be impurities according to Peacor et al. (1988) . Formula units of 13 cookeite specimens, modified from Cern9 (1970) , are presented in Table I . The total octahedral occupancy ranges between 4.8 and 5.3 atoms per 6.0 sites in these formulas, but if the Ca + Na + K totals are excluded as impurities, both the total occupancy and the individual atom values require small revisions.
By far the great majority of cookeite specimens are based on Ia structural units in the terminology of Bailey and Brown (1962) . The symbol I indicates that the interlayer octahedral sheet has the same orientation or slant as the octahedral sheet within the 2:1 layer, whereas the symbol II indicates opposite orientations. The symbol a indicates that the interlayer sheet is positioned by long hydrogen bonds so that the interlayer cations project normal to the layers onto tetrahedral cations and the centers of 6-fold rings of the 2:1 layers above and below. The symbol b indicates lack of such superposition. A following integer (1 to 6) then indicates the precise location of the 6-fold rings of the upper 2: 1 layer relative to the symmetry plane of the layer plus interlayer below for regular-stacking polytypes. Several polytypic modifications are known. Vrublevskaja et aL (1975) described an unusual occurrence of cookeite in metamorphosed bauxite from Djalair in Middle Asia, where it formed as a result of interaction of Li-rich solutions with pyrophyllite-2M. The structure is unique also in that it is a regular-stacking l-layer triclinic struc-193 Table 1 . Structural formulae of cookeite specimens. Modified from Cern~ (1970) . See that author for references to samples.
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ture of the Ia-6 type. The space group is Ci, and the crystallographic angle a is distorted to 90033 '. Most cookeite specimens are less well crystallized and are based on monoclinic 2-layer structures. Lister (1966) pointed out that most of the cookeite specimens observed in her survey of the globular rosettes in Libearing pegmatites appeared to be imperfect 2-layer structures similar to the monoclinic "s" structure derived by Mathieson and Walker (1954) in a study of vermiculite. The symbol of Lister and Bailey (1967) for this 2-layer structure is 2~-Ia-4:X ~-Ia-6. This symbol indicates that the a/3 shift within each 2:1 layer is directed along -X1 and successive 2:1 layers are positioned so that the centers of the 6-fold rings are located alternately at points 4 and 6 on opposite sides of the symmetry plane below (related to one another by a b/3 shift). The 2-layer nature is only apparent by observation of weak diffuse reflections of index k ~ 3n on single crystal patterns. These reflections do not show up well on Debye-Scherrer patterns (Table 2a) . Lister (1966) also identified a better crystallized 2-layer cookeite from Wait-a-bit Creek, British Columbia, and at several localities in the Magnet Cove district and around North Little Rock, Arkansas. The latter includes cookeite from the Jeffrey quarry, which is part of the Source Clays Repository of The Clay Minerals Society. The structure can be correlated with the monoclinic "r" and "q" structures of Mathieson and Walker (1954) , which have polytypic symbols "r" = kL-Ia-4:.~3-Ia-4 and "q" = .~'~-Ia-6:-~3-Ia-2. Here the a/3 shift is directed along -X~ of the first 2:1 layer and along -X3 of the second layer. Six-fold rings of successive 2:1 layers are positioned at points 4 and 4 for the "r" structure and at points 6 and 2 for the "'q" structure. The two structures are enantiomorphic in space group Cc. Bailey (1975) summarized results of an incomplete structural refinement of one of the North Little Rock crystals. In this structure Li was found to be ordered in one interlayer site, where it apparently achieves the best local charge balance. Interlayer Li + lies on a line directly between a tetrahedral cation in the 2:1 layer below and a tetrahedral cation in the 2:1 layer above. The more highly charged interlayer A13+ cations, however, only have a tetrahedral cation on one side and the center of a 6-fold ring on the other side. Although different T--O bond lengths were determined during structural refinement, the poor quality of the film data does not permit a firm conclusion as to ordering of tetrahedral Si and A1, nor has it been possible to obtain a better crystal to date. The powder pattern in Table 2b shows clearly k § 3n reflections that identify the 2-layer nature of the specimen, but the more intense k = 3n lines are very similar to those of the more common but less well crystallized cookeite specimens.
C_.ern~ et al. (19 71) described a cookeite from a pegmatite at Dobrfi Voda, Czechoslovakia, as having IIb structural units. The present writers have confirmed a second occurrence of cookeite-IIb as pink rosettes on elbaite from a pegmatite at Norway, Maine (University of Wisconsin Museum #6001 / 1). The powder pattern (Table 2c) is distinctly different from those of cookeite specimens based on Ia units. Single crystals were not available, but a comparison of observed and calculated intensities ofk § 3n reflections suggests 2-layer "r" or "q" structures. Frank-Kamenetskii (1960) and Cern~ (1970) mentioned manandonite from Madagascar as a possible di,trioctahedral AI-Li chlorite having substantial tetrahedral boron (B TM > Apv). Guggenheim et al. (19 8 3) confirmed the high B TM content of this material by ion probe analysis and stated that its X-ray powder pattern was that of a Ia type chlorite. The type manandonite defined by Lacroix (1912 Lacroix ( , 1922 , however, has since been shown to be a trioctahedral 1:1 layer silicate of approximate composition (A12Li)(Sil.oAlo.sBo.5)Os(OH)4 (A.-M. Fransolet, University Lirge, Lirge, Belgium, personal communication, 1988; Ranorosoa, 1986 ). This 1:1 type material is intermixed with a B-rich AI-Li "cookeite", which Strunz (1957) and later workers showed to be a chlorite and mistakenly called manandonite. This chloritic material will probably qualify as a new species when the details of its composition and structure are better known.
SUDOITE
Sudoite is also a di,trioctahedral chlorite, and has been identified in hydrothermal alteration zones, sediments, soils, fissure veins, and low-grade metamorphic rocks from many localities. The ideal composition is AI2(Si3AI)O,0(OH)2-(MgzAI)(OH)6. Tetrahedral AI is known to range from about 0.4 to 1.1 atoms per formula unit, octahedral A1 from 2.5 to 3.4, and Mg from 1.2 to 2.5. Smaller amounts of Fe, Mn, and Li are also present. Total octahedral occupancy ranges from 4.5 to 5.1 atoms per 6.0 sites. Sudoite contains only a minor amount of Li and less AI and considerably more Mg than cookeite. Representative structural formulae for sudoite are listed in Table 3 . Stanton (1984) reported two groups of iron-rich "sudoites" at the Geco mine, Manitouwadge, Ontario, with Fe z+ > Mg for one group. The materials are impure, however, and the average formulae of the two groups differ from those in Table 3 in several respects. Tetrahedral A1 is low (0.1 to 0.3 atoms as recalculated by the present authors on the basis of 28 positive charges), the Ca + Na + K totals are moderately high (0.27 to 0.29 atoms), total octahedral occupancy is low (4.3 to 4.4 atoms per 6.0 sites, excluding Ca + Na + K), and the total octahedral charge is negative (rather than positive) relative to an ideal complement of anions. Purer material is needed to verify the nature of this mineral. Eggleton and Bailey (1967) and Shirozu and Higashi (1976) attempted partial refinements of the structures of different fine-grained sudoite specimens on the basis of X-ray powder diffraction data. Their results confirmed that these specimens are based on IIb structural units in which the 2:1 layer is dioctahedral and the interlayer is trioctahedral. Drits and Lazarenko (1967) and Lin and Bailey (1985) used single crystals to show that specimens from the Ural Mountains and Belgium, respectively, have 2-layer structures of the "s" type. The powder pattern in Table 4 is indexed best by incorporation of a slight distortion to triclinic geometry. Di,dioctahedral and di,trioctahedral chlorites have d(001) values that are systematically smaller than those for trioctahedral specimens of similar tetrahedral compositions, thus invalidating the usage of existing d(001) graphs and equations for estimating tetrahedral St,A1 contents of such specimens. Lin and Bailey (1985) concluded from 1-dimensional electron density projections of sudoite that the smaller d(001) value is due primarily to a thinner dioctahedral sheet within each 2:1 layer. DONBASSITE Donbassite is defined as having two dioctahedral sheets and an ideal composition near AI2(SiaA1)OIo-(OH)2"AIz33(OH)6. For a variable amount (x) of tetrahedral substitution the formula can be written as A12(Sia_xAlx)O~o(OH)2-A12+~_(OH)6. It has been re-.
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ported from sods, sediments, hydrothermal alteration zones, and fissure veins. Substitution of A1 for Si in the tetrahedral sheets of the best crystallized specimens ranges from 0.6 to 1.3 atoms per 4.0 positions. The octahedral cation total is always greater than 4.0 (excluding Ca + Na + K), ranging from about 4.2 to 4.5 atoms and indicating that the positive charge on the interlayer sheet arises primarily from the presence of A1 + Mg + Fe cations in excess of 2.0 in that sheet, i.e., partly filling the "vacant" octahedron. Small amounts of octahedral Li are commonly present (Rozinova and Dubik, 1983) . Representative structural formulae are listed in Table 5 . Whereas sudoite has only been identified to date as having Itb structural units, donbassite has only been identified as having Ia structural units. This statement takes into account the evolution of the definition of these names over time, i.e., some sudoite specimens as presently defined have been called donbassite in the past and vice-versa. Drits and Lazarenko (1967) identified a donbassite specimen from the Donbass region, U.S.S.R., as having a 2-layer structure like those of the equivalent "'r" and "q" structures and consisting of Ia structural units. Aleksandrova et aL (1972) refined the crystal structure of a low-Li donbassite from Novaya Zemlya, U.S.S.R. They reported a regular-stacking l-layer structure of space group C2, which is a distorted version of the Ia-2 polytype of ideal symmetry C2/m. The vacant octahedral site in the 2:1 layer lies on the symmetry plane of the layer, but the partly vacant octahedral site in the interlayer sheet lies off the projection of the mirror plane (thereby eliminating the mirror for the crystal as a whole). Adjacent layers adopt the mica configuration. Different mean T-O bond lengths observed in this refinement using film-collected data suggest ordering of tetrahedral Si and A1, but a more accurate refinement using counter-collected data is desired for proof of this point.
No accurate powder data for purified donbassite specimens are available for comparison with those of sudoite and cookeite. Observed d(060) values are between 1.49 and 1.50 A for donbassite and between 1.49 and 1.51 ~ for sudoite and cookeite. Table 6 lists a calculated XRD pattern for donbassite based on the atomic coordinates reported by Aleksandrova et aL (1972) for the Ia-2 structure. The strong k ---3n reflections are similar in positions and intensities to those Specimen from Ottre, Belgium. a = 5.247, b = 9.094, c = 28.557 A, a = 90.5 ~ fl = 97.3 ~ and 3' = 89.9*. Structure is of the s-type with IIb layers. Conditions as listed in Table 2 . B = broad.
ofcookeite-Ia. The strong 021 reflection at 4.269 A is diagnostic of the Ia-2 polytype.
EVALUATION OF STRUCTURES
The dominance of the Ia structure in cookeite and donbassite and of the IIb structure in sudoite and trioctahedral chlorites is linked directly to the magnitude and location of the positive electrostatic charge in the interlayer sheet. Bailey and Brown (1962) and Shirozu and Bailey (1965) showed that the lib structure is by far the most stable structural form of trioctahedral chlorite as a result of the complete absence of any cation-cation repulsion between sheets of the layered assemblage. The Ia and IIa structures, on the contrary, have exact vertical superposition of interlayer and adjacent tetrahedral cations with large resultant cationcation repulsion values. Nevertheless, the Ia structure would have a very high structural stability rating if the Brydon et al. (1961) CaillSre et al. (1962) cation-cation repulsion factor could be minimized. This is exactly what happens in vermiculite, which contains only a few exchangeable interlayer cations and for which the structural type has been shown to be Ia without exception. This favorable rating of the Ia structure carries over to dioctahedral chlorite species in which one of the three interlayer cation sites is partly vacant (donbassite) or has a low-charge Li § cation present (cookeite).
In the regular-stacking l-layer chlorite polytypes involving Ia and IIa layers, two different dispositions of the 2:1 layers exist on opposing sides of the interlayer sheet. The first, termed type A here, is found only in the monoclinic structures In-2 and IIa-1, in which successive 2:1 layers adopt the mica configuration with their 6-fold rings opposed. One interlayer cation site thus lies between the centers of these opposed fold rings, and the other two interlayer sites lie on vertical straight lines between tetrahedral cations of the two sets of rings. One form of donbassite adopts the Ia-2 structure. The structural refinement by Aleksandrova et al. (1972) places the partly vacant interlayer site M between one set of superimposed tetrahedral cations and an AI 3+ cation between the other set of two tetrahedra. The second A13 § interlayer cation lies between the centers of the 6-fold rings in vertical projection. This distribution of interlayer cations gives the minimum amount of cation-cation repulsion possible for the Ia-2 structure. The authors stated that repulsion is minimized further by tetrahedral cation ordering and local charge balance such that the source of positive interlayer charge is located between the sources of the tetrahedral negative charges, i.e., between Al-rich tetrahedra above and below. In this arrangement, the source of positive interlayer charge is the partly vacant M octahedron. Thus, that cation-cation repulsion would be minimized even further by the opposite pattern of tetrahedral cation ordering in which the partly filled and low-charge M site would be between Si n+-rich tetrahedra and the high-charge interlayer ml 3+ would lie between Al-rich tetrahedra. Verification of the ordering pattern is desirable.
The other type A structure having a mica configuration of layers is IIa-1, which is not known in true chlorites, but is present in franklinfurnaceite, a hybrid chlorite-mica in which the chlorite is of the tri,dioctahedral type. In this mineral there is excellent local charge balance, with interlayer R 3+ cations positioned midway between tetrahedral R 2 § interlayer R 2+ between tetrahedral R 4+, and interlayer vacancies between the extra Ca that lie in the 6-fold ring openings (Peacor et al., 1988) .
A second disposition of 2:1 layers, termed here type B, exists in the I-layer triclinic polytypes Ia-4 and IIa-3. Here, the unique interlayer site lies on a center of symmetry between tetrahedral sites above and below, and the other two interlayer sites are asymmetric, with a tetrahedral cation on one side and the center of a 6-fold ring on the other side. Cookeite in metamorphosed bauxite from Djalair, Middle Asia, adopts the Ia-6 = Ia-4 l-layer structure (Vrublevskaja et al., 1975) . Although the cation ordering scheme is not known for that specimen, logically the low-charge Li § should exist on the center of symmetry between tetrahedral sites above and below and the two high-charge ml 3+ cations should be in the asymmetric locations with a tetrahedral cation on only one side. Cookeite and donbassite also adopt either or both of the 2-layer Ia "s" and "r" structures (terminology of Mathieson and Walker, 1954) that have the same interlayer-layer type B configurations. The "r" structure has been reported for donbassite by Drits and Lazarenko (1967) , although the cation-ordering pattern was not investigated. Both structures are known for cookeite. Our refinement of the cookeite "r" structure places the low-charge interlayer Li § between tetrahedral cations on both sides and the two high-charge interlayer AP § cations in the asymmetric locations with a tetrahedral cation on only one side. The "s" structure has not been refined, but a similar local charge balance arrangement can be anticipated. The Ia "s" structure is also the most stable form of vermiculite (Shirozu and Bailey, i 966) , in which the exchangeable cation lies vertically between tetrahedral cations above and below, with vacancies in the two asymmetric locations. At one time, the tetrahedral cation ordering was thought to place Al-rich tetrahedra above and below the exchangeable cation to give optimum local charge balance (Shirozu and Bailey, 1966) , but later work (de la Calle et aL, 1976) ruled out the existence of long-range tetrahedral cation ordering in vermiculite. Some evidence exists for short-range ordering in local domains (Thompson, 1984) . In contrast to the preceding species, sudoite has a trioctahedral interlayer sheet of composition (Mg2A1), in which all of the cations have medium to high charges. And, just as in trioctahedral chlorites, the IIb structure is favored to avoid cation-cation repulsion present in an a position of the interlayer sheet. The presence of a vacancy in the dioctahedral 2:1 layer has little or no effect on the position of the interlayer.
It is not prudent to assume that all sudoite is of the IIb structural type and that all donbassite is of the Ia structural type, because study of more samples may show structural variations in each, just as it has in cookeite. Most cookeite and most donbassite specimens, however, are based on Ia structural units and most sudoite specimens are based on IIb units. These structural units can be identified by X-ray powder diffraction patterns. The Ia structural unit in a 2-layer dioctahedral chlorite is characterized by a strong d(204) XRD line near 2.32 Zk. The IIb structural unit for a 2-layer dioctahedral chlorite is characterized by a strong d(202) line near 2.47-2.50 ~ and a strong d(206) line near 2.37-2.41 ~. Most dioctahedral chlorite specimens appear to be based on regular-stacking 2-layer structures of the "s" or "r" and "q" types, but regular l-layer forms are known as well. Single crystal study is usually necessary to identify the specific stacking arrangement present.
Environment of occurrence also can be helpful in identification. The presence of essential Li in cookeite usually restricts its occurrence to Li-rich environments, rather than in sediments and soils. Essential Mg in sudoite is not very restrictive and leads to its ocurrence in many different environments. An analysis for MgO should be definitive. Donbassite lacks both substantial Mg and Li, and although this restricts its occurrence to very Al-rich environments, it does not necessarily rule out occurrences in soils, sediments, hydrothermal veins, metamorphosed aluminous sediments, etc. Donbassite is less abundant in nature than sudoite and cookeite, presumably because of its unique composition. X-ray diffraction study should be supplemented by chemical analysis for suspected occurrences of all Al-rich chlorites.
